INTRODUCTION
GROWTH analyses of seedling Lolium populations have demonstrated the existence of interpopulation differences in relative growth rate, associated with differences in net assimilation rate, in both weak and strong light (Wilson and Cooper, 1 969a) . At relatively high light intensities, populations with faster NAR had smaller mesophyll cells than those with slower (Wilson and Cooper, 1967) . Further, among leaves from genotypes of these populations, apparent light-saturated photosynthesis was found to be negatively associated with size of mesophyll cells when plants had been grown in a common environment (Wilson and Cooper, 1969b) . Using clonal material, differences between genotypes in efficiency of utilisation of weak light were also found (Wilson and Cooper, 1969b) . A useful approach to the problem of breeding for yield might therefore be to use this variation in efficiency of light utilisation in the construction of a synthetic variety or the production of selection lines. For screening purposes, photosynthesis may be measured directly, but it may be more practical to use some closely related characteristic such as mesophyll cell size as a selection criterion.
The possibilities of utilising variation in any character depend on how much of the observed variation is genetic and additive. The existence of high levels of heterozygosity within L. perenne is well established (Cooper, 1959 (Cooper, , 1961 Corkill, 1956 ) and marked response to selection from within different populations has been obtained for date of ear emergence, winter requirement for floral induction, leaf size and rate of leaf appearance (Cooper, 1961 (Cooper, , 1963 Edwards and Cooper, 1963) . The genetic basis of variation between unrelated genotypes or between different populations of L. perenne has been investigated by Corkill (1950) , Breese (1960) , Fejer (1960) , Beddows et al. (1962) , Thomas (1965 Thomas ( , 1966 and Hayward and Breese (1968) , often using diallel analysis.
Synthetic varieties of outbreeding pasture grasses are usually based on a number of unrelated plants to avoid inbreeding depression. The soundest basis on which to select parent plants for a synthetic variety is through a progeny test, which enables selection to be made on the genotype rather than the phenotype (Corkill, 1950) . Both Corkill (1950) and Breese (1960) have demonstrated the suitability of the diallel cross as a means of genetic assessment of unrelated Lolium plants. Dickinson and Jinks (1956) and Breese (1968) have considered the implications of using non-inbred parents in genetic investigations adopting this crossing system, and point out that when heterozygous parents in a diallel cross are related, the analysis may be less sensitive. On the other hand, crosses between plants from evolutionarily distinct populations may be expected to be equivalent for analysis purposes to crosses between " homozygous only" parents, when greatest sensitivity would be achieved.
In the present experiment, a haif-diallel analysis is used to determine genetic variances and heritabilities for the photosynthetic rate and the associated anatomical and morphological characteristics of the leaf examined previously (Wilson and Cooper, I 969b) . The analysis is also used to examine the feasibility of using laboratory determinations of photosynthesis and leaf anatomy in genetic studies and to examine the effects of various methods of analysis of the diallel.
MATERIALS AND METHODS
A 6 x 6 haif-diallel cross was performed among the following Lolium Because most L. perenne plants set only a limited amount of seed on selfing (Jenkin, 1931 b) , the crossing technique used was the method of automatic cross-pollination without emasculation (Jenkin, 1931 a) . Tests for selfcompatibility, using from 6 to 10 heads from different plants, were conducted at the same time as the crosses. For this purpose, heads from the same genotype were bagged together. However, selfing was found to be slight, ranging from no seeds in genotypes 7/21 and 5/20 to only three seeds per head in 24/13. This compared with a range in seeds per head of from 16 to 50 among the crosses.
The half-diallel involves all possible crosses between n plants used as both male and female parents, but without reciprocals, i.e. n(n± I) matings (Jinks and Hayman, 1953; Hayman, I 954a) . However, because of the inbreeding depression which occurs in L. perenne on selfing (Jenkin, 1931 b), parents were represented by clonally replicated material in the present experiments. Thus, there were 15 F1 families and six replicated parents.
Seed of each cross and its reciprocal was bulked to allow random sampling within each of the 15 families. Seed was sown in petri dishes, and germinated seedlings were later planted singly in 4-inch pots in John Innes No. 2 potting compost. At the same time, recently established plants of each parent were planted singly in pots in the same growth medium. Each family was represented by 10 plants and each parent by four, a total of 174 plants. These were split into two randomised blocks of five plants per family and two per parent. Each block of plants was grown in a separate controlled environment room in a nine-hour photoperiodof 0129 cal./cm.2!min. of radiation in the spectral region 400-720 m (1800 ft.-c.) provided by banks of Mazda warm-white 125W fluorescent tubes, at 15° C. The light period in one room started at 8.0 a.m. and in the other, four hours later at noon. Thus plants could be sampled twice daily, once in each room, at the same time after the beginning of the light period (two hours).
Eight The same parameters were recorded on one randomly selected young fully expanded leaf from each plant of the parental genotypes. Apparent photosynthesis of central leaf portions was measured manometrically (Wilson et al., 1969; Wilson and Cooper, 1969b) (Wilson and Cooper, 1967) . Chlorophyll content of each portion of leaf examined at 400 ft.-c. was estimated as described earlier (Wilson and Cooper, 1969) .
The 6th and 7th leaves were not always the youngest fully expanded leaves on every plant at the time of sampling, because of different rates of leaf appearance. However, the present sampling method was used for the progeny seedlings because of the marked effect ofleaf position on apparent photosynthesis and mesophyll anatomy (Wilson and Cooper, 1 969c) . In that experiment, there were no effects of difference in the age of fully expanded healthy leaves up to about 18 days.
Rates of photosynthesis of 11 leaf portions only could be examined at any one run in the Warburg apparatus, placing limitations on the sampling procedure. Two runs were conducted each day, using leaves from the first and second block respectively, and 16 runs (8 days) at each light intensity were required to examine all plants. At each run, the 11 plants sampled were selected randomly from the block, with the proviso that no family or parent was represented more than once in each run. Thus, differences within runs did not include differences within families or parents. All 16 runs at 400 ft.-c., on 7th leaves, were conducted subsequent to those at 3000 ft.-c. (6th leaves). Apparent photosynthesis in the stronger light and 636 D. WILSON AND J. P. COOPER leaf chlorophyll content were expressed in terms both of unit leaf area and of unit mesophyll volume (see Wilson and Cooper, 1969b) .
Analysis of data
Analyses of data from individual plants revealed that variation between F1 families and between parents was significantly greater than that within families and parents for every character. Consequently, all genetic analyses of any one character were based on the mean value of all plants in each family or parent, within a block. Run effects were not considered, since these would be common to all families and parents, and would not significantly add to the information obtained from the analyses described below.
Because of the age difference between parents and progeny, two forms of analysis of variance were conducted on each character. The first is due to Hayman (1 954a), modified for the haif-diallel by Morley Jones (1965) , and analyses data from parents and F1 families. The second form is that of Yates (1947) and is used here to analyse the F1 data only.
Both these analyses partition phenotypic variance into genetic and environmental components. The Hayman (1 954a) analysis of the haif-diallel with parents is the more sensitive. It can separate genetic variance into additive effects (those fixable by selection) and non-additive effects, and can further detect the presence of dominance and/or non-allelic interaction. On the other hand, the Yates (1947) analysis, where parents are absent, is only capable of partitioning genetic variation into additive and non-additive components.
In the present experiment, a further Hayman (l954a) analysis was conducted on anatomical and morphological data from the diallel by using parental estimates obtained in a previous experiment, grown under the same conditions. These estimates were derived from leaves from standard positions on the main stem rather than young randomly selected leaves (Wilson and Cooper, 1 969c) . However, no attempt has been made to draw inferences about non-additive effects, in any analysis, in terms of genetic parameters (Hayman, 1954b) , since physiological effects of age and/or leaf position on photosynthesis may well be confounded with any absolute difference between parents and progeny, and might thus be reflected in non-additive components of the analysis.
Expectations of mean squares for these analyses depend on the presence or absence of parents and/or reciprocals and on the assumptions made with regard to the parental plant sample. In the present case, the parents were deliberately chosen and cannot be regarded as a random sample from any population, so that the experimental material constitutes the entire population about which valid inferences can be made. The appropriate expectations for this assumption in the two types of analysis used here are given by Grilling (I 956a) in terms of general and specific combining abilities (GCA and SCA), and are shown in table I. The two estimates of combining ability (GCA and SCA) measure largely additive and non-additive genetic effects respectively (Griffing, 1 956b) . In the present experiment they are used to provide estimates of heritability in the broad (Hb) and narrow (Hn) sense (Lush, 1949) for each character, where, In calculating heritabilities from Yates analysis data in the present experiment, a pooled error variance (remainder + interaction items) was used for characters where the remainder item was not significant. Thus, in those cases, estimates of Hb and Hn were the same. Heritability estimates were also obtained from the linear regressions of mid-parent values on progeny means (Falconer, 1960) . Comparisons were made between heritabilities calculated from the different analyses. Phenotypic correlations were calculated between all characters in both parental and F1 generations. Genetic correlations were also calculated between those characters with high phenotypic correlations, but these agreed with the phenotypic correlations and are not presented here.
RESULTS
Family mean values for all characters are shown in appendix tables (i) and (ii) in the form of haif-diallel tables. Parental values of those characters whose mean estimates were obtained from two sampling methods are shown separately in appendix table (iii).
The results of the Hayman (1 954a) analysis of variance for each character are presented in table 2, where parental data were derived from young fully expanded leaves of plants grown together with the F1. Comparisons of the interaction variances within each character by Bartlett's test for the homogeneity of variances revealed significant differences (P <005) only in cell size, where main effects are therefore tested against their interaction items. In all other characters, each main effect is tested against the block x total interaction (B x t) item. The significance of item (a) in all characters 2S2 indicates the existence of genetical variation between parental genotypes. The (b) main effect has been split into its component parts; in genetical terms (b1) is taken as a measure of the mean dominance deviation, (b2) as a further dominance deviation due to asymmetrical gene distribution, and (b3) as an estimate of any specific interaction (Hayman, 1954a) . However, in the present experiment, significance of (b) items for some characters may well result from physiological effects associated with parental age rather than from genetical effects, as discussed below in the light of the analyses omitting parents. Results from the Hayman analysis where parental data were obtained from an earlier experiment (Wilson and Cooper, 1969c ) using 4th and 5th main stem leaves of clonally propagated plants, are shown in table 3. Again, item (a) was significant for all characters. The main difference between these two analyses (tables 2 and 3) lay in the (b1) and (b2) items for leaf length and width. These items were significant for width but not length when parental data were taken from randomly selected young leaves (table 2) , but the opposite situation held when the parental data were taken from a standard leaf position in each genotype (table 3) . There was a significant difference between blocks in chlorophyll content only (table 2) . Results of analyses of variance omitting parents are presented in table 4. With the exception of leaf length, all main item mean squares were again tested against B x 1, because of lack of significant differences between separate interaction items. There were significant parental effects (additive genetic variance) for all photosynthesis measurements, leaf chlorophyll and mesophyll cell size and thickness, but not for any leaf dimensions. There were significant non-additive effects (remainder item) only for photosynthesis in weak light and mesophyll thickness (table 4), in contrast to the situation indicated by the Hayman analysis (tables 2 and 3). There were again significant block effects for chlorophyll content, and also significant differences (P<005) between blocks in light-saturated photosynthesis per unit leaf area (table 4).
Heritability estimates for certain characters, particularly in the "narrow" sense, differed markedly depending on the form of the analysis (table 5) Table ( iii)). * P<0'05. ** P<001.
photosynthesis in weak light (0l4 and 0l7), in spite of a large regression coefficient (O86) of progeny means on mid-parent values. However, the standard error of this coefficient was also large (± ft37) (table 5).
There was good agreement between all methods of estimating heritability for mesophyll thickness, and for leaf width when parental data were obtained from leaves from a standard main stem position, the Hayman, Yates and regression methods providing Hn values of O67, O'6l and ft55 respectively. For leaf length, agreement was best when parental leaves were randomly chosen, giving 042, 064, 044 respectively. In general terms, the effect of using parental data from young fully expanded leaves, as opposed to leaves from a standard position, was reflected in differences in the heritabilities for leaf width and length, but not for those of mesophyll characters (table 5) .
There were significant correlations between mid-parent values and progeny means for all characters except chlorophyll content, and leaf length and size derived from young randomly selected leaves ( Phenotypic correlations between the present characteristics, among parents and among progeny (table 6) , were similar to those found previously among selected Lolium genotypes (Wilson and Cooper, 1969b) . Apparent light-saturated photosynthesis was strongly correlated negatively with mesophyll cell size, mesophyll thickness and leaf width, and showed a significant (P <01) positive correlation with chlorophyll content per unit mesophyll volume. Mesophyll cell size was also correlated positively with mesophyll thickness in the F1, and with leaf width in both generations. There were significant (P <OO5) negative correlations between size of mesophyll cells and chlorophyll per unit volume in both generations; chlorophyll was also negatively related to mesophyll thickness and leaf width. Leaf size was significantly correlated with length and width, but length was not significantly related to width. Apparent photosynthesis in low light intensity was weakly correlated (P<OO5) with light-saturated photosynthesis in the F1 generation. Presumably as a result of this, there were also weak correlations (P < OO5) between leaf width, chlorophyll per unit volume and light-limited photosynthesis (table 6) .
Disoussiorc
There have been no previous attempts to separate genetic variance in photosynthetic activity into additive and non-additive components, nor has any genetic study been made of the present snesophyll characteristics, which have been shown to be closely associated with both apparent light-saturated photosynthesis of selected genotypes and with photosynthetic activity and growth rates of Lolium populations Cooper, 1967, 1969) . It is of interest, therefore, to discuss the present results in terms of the genetic assessment of breeding material although, strictly speaking, inferences from the present heritabilities and correlations only apply to the particular six parental genotypes used.
Both forms of variance analysis indicated significant additive genetic variation for all photosynthetic, chlorophyll and mesophyll characteristics (tables 2, 3 and 4). Significant additive effects on leaf length, width and size were revealed only by the Hayman (l954a) analysis. The principal disagreement between the two methods of analysis lay in the detection of non-additive effects. Thus, the analysis which included parental data (tables 2 and 3) found significant (b1) or (b2) items in all characteristics, whereas when parents were excluded there were significant non-additive components only for light-limited photosynthesis and mesophyll thickness (table 4) . Clearly then, the variances in apparent light-saturated photosynthesis, chlorophyll, cell size and leaf dimensions which were ascribed to genetical non-additivity (tables 2 and 3), may well be a result of differences between parents and progeny in plant age and/or leaf position. The existence of a leaf positional effect was suggested by results of the Hayman analyses, when an attempt was made to reduce sampling variation between parents by taking data from leaves from a standard position in each genotype (table 3) . Thus, non-additive effects for leaf length disappeared when parental data was taken from randomly chosen young fully expanded leaves (table 2) while the reverse situation was found for leaf width. However, light-limited photosynthesis and mesophyll thickness were much less affected by leaf age or position and true genetic non-additivity may well exist for these characters.
Thus, for most anatomical characteristics of the leaf and for lightsaturated photosynthesis, which is associated with mesophyll cell size, the appropriate form of analysis of the diallel is that of Yates (1947) , because of the absence of parental material of comparable physiological age to the progeny. On the other hand, for light-limited photosynthesis, which depends mainly on photochemical processes, it appears that randomly chosen leaves from clonally propagated parents may be used to provide parent data for the more sophisticated type of genetic analysis described by Hayman (1954a) .
The effects described above are reflected in the respective heritabilities calculated from results of the analyses (table 5). Significant non-additive components in the Hayman analysis have resulted in large differences between "broad sense" and "narrow sense" heritabilities. In the Yates analysis, such difference only appeared for light-limited photosynthesis and mesophyll thickness, where again non-additive components were significant. There was good agreement between the regression of progeny mean on midparent values (using parental data from standard leaves) and heritabilities from the Yates analyses for mesophyll cell size and thickness and leaf width (table 5). The relative order of parental genotypes for these characters was evidently little affected by parental age and/or leaf position. It can be shown from a number of reasonable models that the higher heritability estimates obtained from parent-progeny regression might well be expected, as a result of the relatively inbred nature of the parent clones compared to the variation between them and the presence of unequal gene frequencies at the loci controlling these characters (Jinks, personal communication) .
On the basis of the present heritabilities derived from analyses of F1 families between six contrasting genotypes from different populations, rapid and immediate response to selection would be expected for light-saturated photosynthesis (O7O, 067), chlorophyll (075, 080), mesophyll cell size (079) and thickness (O34), and leaf width (061) length (O62) and size (O56). However, this does not necessarily imply that equally high heritability values or potential response to selection would be obtained within a single ryegrass population.
In spite of the rather low heritability of light-limited photosynthesis shown by both the Hayman (0 14) and Yates (0 17) analyses, this character is clearly of such practical importance that it might well be a useful selection criterion, particularly in view of the significant (P<001) correlation between mid-parent values and progeny means (table 5) . Furthermore, the correlation between the rates of light-saturated and light-limited photosynthesis was low, suggesting that these two characters might be selected independently.
Phenotypic correlations between the characters (table 6) revealed a similar situation to that obtained previously among ten contrasting Lolium genotypes (Wilson and Cooper, 1969) . Thus, in both parental and F1
generations, the fastest rates of light-saturated photosynthesis occurred in thin, narrow, leaves with small mesophyll cells and much chlorophyll per unit volume. The rate of light-limited photosynthesis was not associated with any particular anatomical or morphological feature.
In conclusion, although many of the present characters had high herita-bilities within the limits of these six genotypes chosen from contrasting populations, it remains to be seen how much response can be achieved to selection from within a single population. However, further work in this Department (Wonkyi-Appiah, personal communication) has revealed heritabilities of about O4O for rate of light-saturated photosynthesis, and about O7O for leaf dimensions within established ryegrass cultivars. Furthermore, it is not known whether the strong correlations observed will inevitably lead to marked correlated response to selection. Thus, in populations of L. perenne and L. multjflorum a strong negative genetic correlation found between leaf size and rate of leaf appearance (Edwards and Cooper, 1963) could be modified by further selection (Edwards, 1967) . 2. Both forms of analyses revealed significant additive genetic variation for light-saturated and light-limited photosynthesis, for chlorophyll content and for mesophyll cell size and mesophyll thickness.
3. The analysis which included parental data indicated large nonadditive effects for most characters, but this appeared to reflect a difference in age or leaf position between parents and progeny, since the analysis without parents revealed significant non-additive components for light-limited photosynthesis and mesophyll thickness only.
4. Narrow-sense heritabilities from the analysis without parents were high for light-saturated photosynthesis (O7O), chlorophyll content (075), mesophyll cell size (O79) and thickness (O34) and leaf width (O6l), but low for light-limited photosynthesis (Ol7).
5. There was no necessary correlation between the rate of light-saturated and light-limited photosynthesis.
6. Phenotypic correlations indicated that fastest rates of light-saturated photosynthesis occurred in thin, narrow, leaves with small mesophyll cells and much chlorophyll per unit volume.
7. Rates of light-limited photosynthesis were not regularly associated with any particular anatomical or morphological characteristic. B Main stem leaves 4 and 5 from previous "leaf position" experiment. Plants grown in the same controlled environment at a different time to the F1.
PHOTOSYNTHETIC RATE IN LOLIUM

